where τ TRPL is the experimentally measured lifetime, τ R is the radiative lifetime, τ SRH is the Shockley-Read-Hall lifetime, and τ surface is the surface recombination lifetime. Although there are additional terms not shown in (1) , it is possible to divide recombination rates into two groups: bulk recombination rate τ −1 B , and surface recombination rate τ −1 surface . One of the goals of recombination analysis is to determine these rates accurately. If the dominant recombination pathway could be determined, then material improvement could be focused to selectively reduce defect concentration either in the bulk or at the surface.
One complication in the recombination analysis of CdTe is the large surface recombination velocity (SRV), S > 10 5 cm/s. Therefore, when excitation light is absorbed in the sample surface region as defined by Beer's law, recombination will be dominated by surface recombination, and bulk properties cannot be studied. We have shown that two-photon excitation (2PE) Manuscript TRPL could overcome this limitation by separating generation volume from the surface [2] . By using combined one-photon excitation (1PE) and 2PE TRPL, both bulk and surface recombination terms could be determined. This analysis allowed us to address important questions about the identity of bulk recombination centers in undoped CdTe [3] . In this paper, we apply 1PE and 2PE TRPL analysis to device-grade single-crystal CdTe (sc-CdTe) and report progress toward reducing SRV and understanding mechanisms that limit MCL.
II. METHODS
Single-crystal CdTe samples were purchased from Nippon JX Mining and Metals, with crystal growth and properties described by the manufacturer [4] . Crystals were 0.8 mm thick and had 211 B surface orientation. Continuous-wave excitation at 632.8 nm was used to measure photoluminescence (PL) emission spectra. The TRPL spectrometer used for 1PE and 2PE measurements was described in [2] . The optical parametric amplifier (OPA Orpheus, Light Conversion) used in TRPL measurements provides 0.3-ps laser pulses at 1.1-MHz repetition rate, and the OPA wavelength is tunable from 320 to 2600 nm. Excitation spot diameter was estimated with calibrated pinholes, and in PL and 1PE TRPL measurements, it was ∼250 μm. Excitation spot diameter in 2PE measurements was varied from 20 to 250 μm to ensure low injection conditions. A closed-loop helium cryostat was used for low-temperature PL spectroscopy, and a Cryostation (Montana Instruments) was used for variable-temperature TRPL measurements.
III. RESULTS AND DISCUSSION

A. Low-Temperature Photoluminescence Emission
Low-temperature PL emission evolves from defectdominated spectra for low-quality CdTe crystals to excitondominated spectra for highly purified single crystals [5] ; thus, we use low-temperature PL emission to evaluate the electronic quality of crystalline samples (see Fig. 1 ). The analysis depth for this measurement is about 0.5 μm, and the data describe surface properties for 0.8-mm-thick crystals.
Based on comparison with the literature [6] - [13] , Fig. 1 and Table I identify 15 PL emission peaks. Peaks 1-5 are assigned to free (FX) and bound (DX and AX) exciton transitions. Exciton PL emission energies closely correspond to literature data [4] - [9] , except for peak 5, where the assignment to excitonic transition was based on excitation-intensity dependence [10] and was tentatively attributed to an exciton bound to an In impurity [11] . Inset A in Fig. 1 shows phonon replicas for exciton PL peaks. Longitudinal [LO] phonon energy in CdTe is 21 meV; thus, peaks 6 and 7 (21 meV lower in energy than corresponding exciton peaks 1 and 3) are attributed to phonon emission. Peaks 8 and 9 indicate emission of two phonons, whereas peak 10 indicates emission of three phonons (see Table I ). Lower intensity "Y" peaks at ࣘ 1.476 eV (inset B in Fig. 1 and Table I ) are attributed to dislocations, which are always present in singlecrystal CdTe [12] , [13] . It is not clear if these dislocations at the crystal surface appeared due to cutting/polishing or are present due to crystal growth. Importantly, we did not observe PL emission lines that could be attributed to point defects or to donor-acceptor pairs [6] - [8] , which suggests high electronic quality of single-crystal CdTe. 
B. Minority-Carrier Lifetime
Next, we analyze MCL in the bulk of sc-CdTe. Fig. 2 shows 2PE TRPL decays measured with excitation at 1120 nm. These data were measured at room temperature (295 K). Data were collected with a 10-nm-bandwidth filter centered at 840 nm [2] . In Fig. 2(a) , excitation spot diameter was about 250 μm, and excitation volume was about 0.1 mm from the crystal surface. Axial translation of the sample (mounted on a micrometer-controlled stage) changed intensity of the PL signal, which was attributed to reabsorption [2] , but did not change lifetime. This indicates that photon recycling does not contribute significantly to the measured TRPL decays, and it suggests that recombination is dominated by bulk defects rather than by radiative processes (see below).
At a 70-800-ns time delay after laser excitation, decay in Fig. 2 (a) can be described as single exponential with τ TRPL = 360 ± 5 ns. A single-exponential fit is shown as a red solid line in Fig. 2(a) . To better characterize the small-amplitude decay component at 0-70 ns, which does not fit a single-exponential decay model, we measured 2PE TRPL decays with a more tightly focused laser beam. Fig. 2(b) shows several TRPL decays where the excitation beam diameter was ∼20 μm, and the average laser power was varied from 20-120 mW (laser pulse energy of 18-109 nJ). The data in Fig. 2(a) and (b) are essentially identical at 300-800 ns, where the lifetime is 360 ± 20 ns. As shown in the inset of Fig. 2(b) , the amplitude of the 360-ns decay component increases from 38% to 58%, when lower laser power is used. These data confirm that the initial 2PE TRPL decay component could be attributed to high injection, which indicates that the nonlinear 2PE process results in the generation of > 3 × 10 14 cm −3 carriers (hole concentration of 3 × 10 14 cm −3 in similar crystals was determined by the Hall method [2] ). The intensity-independent decay component τ B = 360 ns characterizes MCL. This lifetime is two times higher than previously reported for CdTe [14] ; therefore, we analyzed these data in more detail.
The presence of several defects was evident in PL emission spectra in Fig. 1 , where most emission was attributed to excitons bound to defects. Spectral broadening at high temperature precludes analysis of shallow defects by room-temperature PL spectroscopy. Therefore, we used variable-temperature TRPL to investigate whether detrapping dynamics has an effect on MCL. 2PE TRPL decays measured at 180-275 K are shown in Fig. 3 . As shown in the inset, at 202-273 K, MCL has only a weak temperature dependence. If detrapping would significantly contribute to MCL at room temperature (τ B = 360 ns), temperature dependence would be stronger.
Lifetime at 180 K is higher, i.e., 501 ± 3 ns. Exciton binding energy in CdTe is 15 meV (which is equal to the difference between the low-temperature bandgap of 1.610 eV and free exciton PL emission peak at 1.595 eV, Fig. 1 ) [6] - [8] . At <200 K, thermal energy might not be not sufficient for exciton dissociation, and lifetimes measured at <200 K reflect complex properties of free excitons, bound excitons, and free carriers. At >200 K, lifetimes largely reflect properties of the free carriers. Because data were measured in low injection, lifetimes are those of minority carriers (electrons). Data in Fig. 3 indicate that Shockley-Read-Hall (SRH) recombination determines the overall recombination rate. Lifetimes have only weak temperature dependence (at 202 K, τ B increases to 383 ns), which is a characteristic of SRH recombination [15] . Because lifetimes were measured in the bulk about 0.1 mm from the sample surface, SRH recombination centers that limited MCL are likely to be in the bulk but not at the crystal surface.
It is also possible to compare room-temperature MCL τ B = 360 ns to radiative lifetime τ R :
where p is the doping (p = 3 × 10 14 cm −3 ). The radiative recombination coefficient B for CdTe is not well known. Literature values range from 3.8 × 10 −10 cm 3 · s −1 (determined from integration of absorption spectra) [16] (from excitation-dependent PL measurements) [17] . Therefore, the estimated radiative lifetime range is τ R = 780 ns-8.8 μs.
Comparison with experimentally measured τ B = 360 ns further supports our conclusion that SRH recombination is dominant. This was also evident from negligible photon recycling: Within the error of measurement, lifetime was the same when the sample was axially translated, and the generation spot was at a different depth in the crystal. In contrast, for samples where radiative recombination is dominant, lifetimes would be depthdependent due to photon recycling [18] , but this is not observed in our measurements. Finally, we compare MCL τ B = 360 ns with other measurements on CdTe. Barnard et al. used 2PE TRPL microscopy on undoped sc-CdTe (1 1 0 surface orientation) and observed a lifetime increase from 1.8 to 73 ns after Cd anneal [19] . We reported a 66-ns lifetime for lower grade sc-CdTe [2] . Johnston et al. recently reported combined photoconductive decay (PCD), free-carrier absorption, and TRPL measurements on undoped sc-CdTe [20] . They observed lifetimes ranging from 150 (TRPL) to 270 ns (PCD) [20] . In all reports [2] , [19] , [20] , samples had large surface recombination velocities, and lifetime measurements in the bulk were based on photogeneration of free carriers away from the sample surface. Two groups applied TRPL measurements for CdTe, where the surface recombination velocity was reduced by chemical treatment [14] and by doubleheterostructure growth [21] . Cohen [21] . This summary of literature data and comparison with radiative lifetime suggests that it will be possible to further increase MCL by reducing the bulk concentration of SRH recombination centers. However, the most immediate problem is large surface recombination velocity S > 10 5 cm/s. For 1PE excitation in the visible-wavelength range, this leads to recombination in less than 5 ns, even for samples with τ B = 360 ns (see below). Large SRV for CdTe was always recognized [22] . Recently, we applied a simple analytical model and Sentaurus Device simulation to estimate SRV from experimental TRPL data [2] . In the next section, we summarize our attempts to reduce SRV in sc-CdTe.
C. Reduction of Surface Recombination Velocity in Single-Crystal-CdTe
To reduce SRV for sc-CdTe, several proprietary surface treatments were used at First Solar. Fig. 4(a) shows 1PE TRPL decays for an untreated sample (red) and for a treated sample (green). Decay for the untreated sample can be described as two-exponential, where the lifetime of the first component is 0.14 ns. The amplitude of this component is 80% of the total decay. This extremely fast decay can be attributed to the surface recombination, and SRV could be estimated from [2] , [23] 
where α is the absorption coefficient at the wavelength of excitation. Application of (3) to lifetime for the untreated crystal yields S ≈ 1.6 × 10 5 cm/s, which we already reported [2] . 1PE TRPL decay for a treated sample is complex, and some transient PL signal is present up to 150 ns after the laser pulse. In contrast, for the untreated sample, the PL transient decays about 30 times faster, within 5 ns. For the treated sample in Fig. 4(a) , the dominant component of the decay has τ TRPL = 1.4 ns and, therefore, estimated S ≈ 1.5 × 10 4 cm/s. Uncertainty in this estimate is larger than that for the untreated crystal, due to the much longer timescale for the decay (150 versus 5 ns). On the longer timescale, carrier diffusion length will be larger, and measurement will be more sensitive to variation of chemical and physical properties (such as dislocations and electric fields) in the crystal. Nevertheless, we can estimate that due to surface modification, SRV decreases by an order of magnitude.
To better understand the SRV effect on 1PE TRPL decays, we used Sentaurus Device software to calculate 1PE TRPL decays when the SRV was varied from S = 10 5 to 200 cm/s [2] , [24] , [25] . We assumed τ B = 360 ns (determined with 2PE TRPL, see Fig. 2 ), electron/hole mobility μ e /μ h = 1000/125 cm 2 /V · s, and doping p = 3 × 10 14 cm −3 . Excitation conditions were selected to match the experiment.
Simulated TRPL decays in Fig. 4(b) indicate that for S = 200 and 1000 cm/s, surface recombination will not have a large effect in 1PE TRPL data. Decays with S = 10 4 and 10 5 cm/s have an initial component that could be attributed to surface recombination. Fitting of the initial decay component for the S = 10 5 cm/s decay gives τ 1 = 0.10 ns, which is similar to the experimental result of τ TRPL = 0.14 ns. Fitting of the initial decay component for the S = 10 4 cm/s decay gives τ 1 = 1.9 ns, which could be compared with the experimentally measured τ TRPL = 1.4 ns. Sentaurus Device simulation and simple analytical analysis according to (3) agree within a factor of 2. Given the very simple model used in simulations, such agreement is probably sufficient and supports our estimate that surface treatment reduced SRV by an order of magnitude.
To compare the effectiveness of several surface treatments, Fig. 5 shows intensity dependence for 1PE TRPL lifetimes for three sc-CdTe samples with treated surfaces. For all samples, τ TRPL = 1-1.5 ns when the average laser power is 10 mW. By using (3), this indicates S = (1.5-2.2) × 10 4 cm/s at this excitation intensity. For samples 1 and 2, lifetimes are approximately constant when average excitation power is 0.5-30 mW. When very strong excitation (>30 mW) is used, lifetimes decrease due to bimolecular recombination at high injection.
Additional studies of surface properties will be needed to understand why 1PE TRPL lifetimes decrease at very low injection (see Fig. 5 ). One possibility is the presence of the electric field (surface band bending or type inversion at the surface). X-ray photoelectron spectroscopy showed that untreated CdTe single crystals similar to those studied here are heavily oxidized and have a Te-rich surface with 1:1.37 Cd:Te [26] . Other studies reported type inversion for Te-rich CdTe surfaces [27] . If present, a surface electric field would effectively separate carriers at the surface, which would be observed as a decrease in lifetime measured at low injection. At higher injection, the photogenerated carriers would screen the surface electric field. If we assume that τ TRPL = 0.1 ns (see Fig. 5 at average laser power of 0.003 mW or 2.7 pJ/pulse) could be attributed to drift in the surface electric field, then the strength of such a field could be estimated as E ≈ L/(μ h τ TRPL ) = 4000 V/cm, where L is the absorption depth for 640-nm excitation (L = 2.3/α = 0.5 μm), and μ h = 125 cm 2 /V · s is the assumed hole mobility. Hole mobility is used in this estimate because the process is likely limited by the hole drift away from the surface. We note that data in Fig. 5 show TRPL (i.e., measurement) lifetimes, not MCLs. If the surface electric field spatially separates electrons and holes, then they are less likely to recombine. Therefore, data do not indicate short MCL at low injection.
IV. CONCLUSION
We have presented detailed MCL and SRV analysis in undoped sc-CdTe. By using temperature-and intensity-dependent 2PE TRPL measurements, we showed that at room temperature, τ B = 360 ns. This MCL is two times higher than previously reported for CdTe, and it was observed for single crystals that do not have point-defect or donor-acceptor-pair emission in low-temperature PL emission spectra. We have also shown that treatments of the CdTe surface could significantly reduce SRV. By using numerical simulations and a simple analytical model, we evaluated that SRV was reduced by an order of magnitude to 10 4 cm/s. Reduction of SRV and increase of MCL provide guidance for improving the material that could be applied to developing thin-film polycrystalline CdS/CdTe photovoltaic solar cells.
